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A I  I M M A  D V9 U t  i l  t n t \  |
W h e n  s t o r e d  i n  s i l - o ' s ,  p o w d e r e d  m a t e r i a l s  a r e  c o m p r e s s e d  d u e  t o
g r a v i t a t i o n a l  f o r c e s .  F o r  c o h e s i v e  m a t e r i a l s  s u c h  a  c o m p r e s s i o n
o ê n ê r a l l v  l e a d s  t o  a n  i n c r e a s e  o f  t h e  m e C h a n i c a l  g f r o n o f h  n f  l - h c
p o w d e r  m a s s .  I t  m a y  e v e n  o c c u r  t h a t  t h e  s t r e n g t h  o f  t h e  m a t e r i a l
r e a c h e s  v a l u e s  l a r g e  e n o u g h  t o  f o r m  s t a b l e  o b s t r u c t i o n s  t h a t
c a u s e  s e r i o u s  p r o b l e m s  d u r i n g  t h e  d i s c h a r g e  o f  t h e  s i l o .  B e i n g
n a r t  o f  ^  r ê s ê ^ r c h  n r o i c c f -  s t a r f q f l  a t  t h e  U n i v e 1 . s i f v  o fu f  e J  v r
G r o n i  n o c n  i  n  I  9 7 5  i n  O f d e f  t O  d e V e l  o n  a  d e r r i  r : ê  J - r l  n r n m n f  c  f  h ey r  v r L , v
f l o w  o f  c o h e s i v e  p o w d e r s  f r o m  s i l o ' s ,  t h e  w o r k  d e s c r i b e d  i n  t h i s
+ h a c i c  m : i r 1 - ' i - + . e n d S  t O  i n C r e a S g  1 - h o  i n q i n h 1 -  . i n + n  l [ j gJ r r r 4 Y r r e  r r r u v
phenomenon.
T h e  a n n r o a c h  i s  ê s s ê n t i a l l v  d i f f p r : e n t  f f o m  c u f f e n t  e x n e r i m e n t a l
m e t h o d s  i n  t h e  f i e l d  o f  p o w d e r  m e c h a n j - c s ,  i n s o f a r  a s  i t  i s  b a s e d
o n  t h e  u s e  o f  a  t r i a x i a l -  c e l 1  t o  m e a s u r e  t h e  m e c h a n i c a l
p r o p e r t i e s  o f  c o h e s i v e  p o w d e r s .  T h e  m a j o r  a d v a n t a g e  o f  t h j - s
a p p a r a t u s  i s  a  w e l - l -  d e f i n e d  s t a t e  o f  s t r e s s ,  a n d  r e s u l t s  o f
exper iments  accord ing ly  can be  used fo r  a  we l I  de f ined fundamen-
t a 1  i n t e r p r e t a t i o n .
T h i s  t h e s i s  f u r t h e r  a i m s  t o  p r e s e n t  v a r i o u s  g ' e o m e t r i c a l  f o r m s
f o r  t h e  e v e n t u a l  d e s i g n  o f  a  f l o w  p r o m o t i n g  d e v i c e  b a s e d  o n
s i m u f t a n e o u s  v i b r a t i o n  a n d  a e r a t i o n  o f  c o h e s i v e  p o w d e r s .
T h e  s t u d y  o f  t h e  ( f 1 o w )  b e h a v i o u r  o f  c o h e s i v e  p o w d e r s  i n  s i l - o ' s
h a s  t w o  m a i n  a s p e c t s .  T h e s e  a r e  o n  t h e  o n e  h a n d  a  v í e l l  d e f i n e d
c h a r a c t e r i s a t i o n  o f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  s u c h  m a t e r i a l s ,
and on  the  o ther  hand a  re l - iab l -e  es t imat ion  o f  the  s t resses  tha t
o c c u r  i n  a  p o w d e r  m a s s  i n s i d e  a  s i l o .  T h i s  t h e s l s  c o n t a l n s  f l v e
s tud ies  t f ra t  a re  devoted  to  these Èwo aspec t ' s .
The mechan ica l  p roper t ies  o f  cohes ive  powdered mater ia ls  have to
b e  d e t e r m i n e d  a f t e r  v a r i o u s  d e g r e e s  o f  c o m p r e s s i o n  ( c o n s o l i d a t i o n )
o f  t h e  m a t e r i a l .  T h i s  c o m p r e s s i o n  h a s  b e e n  s t u d i e d  f i r s t  i n  o r d e r
to  unders tand v íhy  dur ing  compress ion  cer ta in  mater ia ls  show
d i s c o n t i n u i t i e s  t h a t  a p p e a r  a s  c r a c k 1 i n g .  F r o m  t h i s  s t u d y  j - t
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appeared tha t  powdered mater ia ls  c rack le  i f  the  s tack ing  is
h i g h l y  c o m p r e s s i b l - e  a n d  i f  a t  t h e  s a m e  t i m e  t h e  p o w d e r  p a r t i c l e s
a r e  e l a s t i c  a n d  r a t h e r  s o f t .  A s  a  r e s u l t  o f  t h i s  d i - s c o n t i n u o u s
behav iour  the  pack ing  dens i ty  o f  compacts  o f  th is  k ind  o f
m a t e r i a l s  m a y  v a r y  a t  r a n d o m  b e t w e e n  c e r t a i n  I i m i t s ,  i m p o s i n g
unavo idab le  l im i ts  upon the  reproduc ib i l i t y  o f  exper iments  w i th
t h e s e  c o m p a c t s .
The most  charac ter is t i c  mechan ica l  p roper ty  o f  cohes ive  powdered
m a t e r i a f s  c e r t a i n l y  i s  t h e  s o - c a l l e d  u n c o n f i n e d  y i e J - d  s t r e n g t h ,
wh ich  is  the  s t rength  o f  a  compact  under  a  un ld l rec t iona l  load .
I ' rom the  second s tudy  descr ibed in  th is  thes is ,  the  unconf ined
y ie ld  s t rength  o f  powder  compacts  appeared to  depend s t rong ly  on
t h e  m a g n i t u d e  o f  t h e  c o n s o l - i d a t i o n  s t r e s s e s .  f t  a l s o  a p p e a r e d  t o
c l p n e n d  s i c n i  f i c a n t l r r  n n  1 - h e  n e r i n d  n f  1 - i m e  d r r r i n o  w h i c h  t h ee + r r L v  e q !  + r r Y
c o n s o l i d a t i o n  l o a d  h a s  b e e n  a p p l i e d .  T h e s e  t w o  e f f e c t s  c o u l d  b e
€ i l -  l - a Á  \ 7 ê r \ r  \ Á r ê l  I  a m n i r i c a l  l r r  h r r  n n o  q i n c l o  n o t ^ r c r  I  ^ "  ^ - . ' ^ ! i ^ *I I L L S U  V s I J  w c ! I  s l t l P f ! I v q f f J  v _ I  v r r u  y v w u i  a a w  s Y q q L l v r I .
ï t  f u r t h e r  a p p e a r e d  t h a t  t h e  s t r e n g t h  o f  p o w d e r  c o m p a c t s  c a n
depend on  Lhe tempera ture  o f  the  mater ia l - .  For  some pota to  s ta rch
s a m p l e s  f o r  i n s t a n c e ,  a  5 0 %  i n c r e a s e  o f  t h e  s t r e n g t h  w a s  o b s e r v e d
f o r  a n  i n c r e a s e  o f  t h e  t e m p e r a t u r e  f r o m  r o o c  t o  3 0 o C .
m L ^ ê ^  - L ^ - ^ - ^ - -  ? r ê  f n r  a  m a - i n r  n a r t  a t t r i b u t a b l e  t o  t h e  d e f o r -f  l r g > g  P r l E r r u l t t g r r a  q !  e  r v r  o  r r r o J  v r  y
m a t i o n  o f  p a r t i c l - e  t o  p a r t i c l e  c o n t a c t  p o i n t s  u n d e r  t h e  Í n f l u e n c e
o f  t h e  f o r c e  w i t h  w h i c h  t h e y  a r e  p r e s s e d  t o g e t h e r .
S i n c e  i n  p r a c t i c a l  s i t u a t i o n s  p o w d e r  m a s s e s  a r e  g e n e r a l l y
c o n s o l Í d a t e d  a n i s o t r o p i c a l l y ,  t h e  t h i r d  s t u d y  d e s c r i b e d  i n  t h i s
! L ^ ^ :  ' ^ ' - ^ - e d  t o  t h e  i n f l u e n c e  o f  t h e  d e q r e e  o f  s t r e s sL l r e S f S  w d 5  u g v u L g u  u v  L r r E  r l r l r q e l t  
_
an iso t ropy  dur ing  conso l ida t ion  on  the  mechan ica l  p roper t ies  o f
.  ^ ^ m n a ^ +  r F l - r a  r r n n n n f i n o á  r r i o l À  c l - r a n n t h  ^ f  r r a r i n r , -  - r + a - . i - l ê  r . ' - ^q  9 v r L t t / q u  L  .  r f  r 9  u l r 9 v r r !  f  l r s u  J  L I  g l r Y  L r r  v !  v  q !  f  v u 5  l L L o  u e !  J q I S  w o D
f o u n d  t o  i n c r e a s e  l i n e a r l y  w l t h  t h i s  p a r a m e t e r ,  w i t h  a  r a t e  o f
inc rease tha t  i s  unexpected ly  la rge .  The theore t ica l  mode l  o f
I i lo le rus  tha t  c la ims to  descr ibe  th is  phenomenon,  had to  be
r e j e c t e d  b e c a u s e  i t  c o u l d  i n  n o  w a y  b e  b r o u g h t  i n t o  a g r e e m e n t
w i t h  t h e  e x p e r i m e n t a f  r e s u l t s .
T h e  s t r e s s  d i s t r i b u t l o n  1 n  p o w d e r  m a s s e s  t h a t  a r e  s t o r e d  i n
s i l o ' s ,  h a s  b e e n  t h e  s u b j e c t  o f  m a n y  s t u d i e s  a l r e a d y .  P a r t  o f  t h e
work  repor ted  in  th is  thes is  i s  meant  to  be  a  fu r ther  cont r ibu t ion
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theore t ica l  mode ls  1s  inves t iga ted
For  s i lo 's  w i th  ver t i ca l  wa l ls  there  ex is t  severaL theor ies  to
pred ic t  the  s t ress  d is t r ibu t ion  tha t  s ta r t  f rom the  assumpt ion
tha t  the  powder  mass  is  in  the  so-ca l led  c r i t i ca l  s ta te  o f  s t ress .
Th j -s  s ta te  o f  s t ress  is  an  equ i l ib r ium s i tua t ion  where  smal l
shear  de format ions  do  no t  lead  to  changes in  the  pack lng  dens i ty .
Us i -ng  the  t r iax ia l  ce l l ,  tha t  can  be  opera ted  to  s imu la te  a  s i lo
w i th  f r i c t ion less  ver t i ca l  wa1 ls ,  i t  cou ld  be  proved tha t  powder
m a s s e s  i n  s u c h  s 1 1 o r s ,  h o w e v e r ,  d o  n o t  a t t a i n  t h i s  c r i t i c a l  s È a t e
o f  s t ress .  When the  s i lo  wa l ls  a re  no t  f r i c t ion less  th is  does  no t
seem to  be  the  case e i ther .
For  s i lo 's  w i th  a  con ica l  ou t le t  sec t ion ,  Jen ike  has  deve loped a
theory  to  descr ibe  the  s t ress  s ta te  in  th is  con ica l  par t ,  wh ich
he expanded to  a  p red ic t j -on  whether  s tab le  powder  a rches  can
occur .  The va l id i ty  o f  th is  approach had no t  ye t  been ver i f ied ,
because the current experimental methods for obtaining data on
the  mechan ica l  p roper t ies  o f  cohes ive  mater ia ls  do  no t  a l1ow
measurements  a t  the  very  Iow degrees  o f  conso l ida t j -on  as  occur  in
the  con ica l  par t  o f  a  s i lo .  In  th is  thes is  a  method is  descr ibed
to  ob ta in  these da ta .  Us ing  these da ta ,  the  fo rmat ion  o f  powder
arches in a small  scale wedge-shaped hopper could indeed be
pred ic ted  fa i r l y  we l l  us ing  the  theory  o f  Jen ike .
The f low promoting device that recently was developed at the
Univers i ty  o f  Gron ingen,  cons is ts  o f  a  f lex ib ly  mounted  v ib ra ted
bot tom tha t  s lmu l taneous ly  serves  as  an  aera t j -on  bo t tom.  Th is
sj-multaneous actj-on of vibrat i-on and aeration glves cohesive
m a t e r i a l s  a  f l u i d - 1 i k e  c h a r a c t e r  t h a t  e n a b l e s  a  r e s u l a r  a n d
cont ro l lab le  f1ow.  S ince  indus t ry  has  a l reaay  s f ,owi  g rea t
in te res t  in  the  use  o f  such a  dev ice ,  the  las t  s tudy  descr ibed
in  th is  thes is  has  been devoted  to  the  geomet r ica l  1ay-ou t  o f
th is  sys tem,  espec ia l l y  w i th  a  v iew to  upsca l ing .  From exper i -
ments  w i th  var ious  des igns  i t  appeared tha t  there  ex is ts  a  fa i r
degrêe o f  f lex ib i l i t y .  For  la rge  sca le  opera t ions  a  v lb ra ted
aera t ion  bo t tom combined wÍ th  a  s t .a t ionary  (aera ted)  cone,  fo r
i n s t a n c e ,  a p p e a r e d  t o  b e  a  p r o m i s i n g  s y s t e m .
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